Abstract The bone-screw interface has been indicated as the weak link in pedicle screw spine fixation. Bisphosphonate treatment may have the effect of improving bonescrew interface fixation in spine fusion by inhibiting bone resorption. An experimental study was conducted using a porcine model to evaluate the influence of alendronate treatment on bone-pedicle screw interface fixation. Eleven pigs in the treatment group received alendronate 10 mg/day orally for three months postoperatively. The other 11 pigs served as a control group. Posterior lateral fusion with the CD Horizon pedicle screw system was performed with autograft on the lumbar spine on all animals. Biomechanical torsion test and histomorphometric parameters of screw fixation were evaluated three months after the operation. The maximum torque and initial angular stiffness of the treatment group was higher than that of the control group, but there was no statistical significance. The bone-screw contact surface was 23.3±10% for the treatment group and 9.8±5.9% for the control group (P<0.01). This study indicated that alendronate treatment increased bone purchase of stainless steel screw surfaces.
Introduction
Failure of pedicle screw internal fixation is one of the important factors underlying the nonunion of spinal fusion or failure of an attempted deformity correction [18, 20] . The bone-screw interface has been indicated as the weak link in pedicle screw spinal fixation [3, 5] . The anchor strength of the bone-screw interface is dependent on the total area of bone growth on the screw surface [2, 22] . Osteolysis has been found to be a primary reason for implant loosening. Aseptic loosening is the most common cause of orthopaedic implant failure [10, 28] .
Bisphosphonate treatment inhibits osteoclast-induced bone resorption and increases bone quality and density. It has been reported that treatment with bisphosphonates can inhibit bone resorption in the area around the implant [9, 23] . Other reports indicate that bisphosphonate has no influence on bone attachment to the implant surface [6, 17] . Bone resorption and a corresponding decrease in bone quality and density can occur after implant surgery [19, 26] . Extensive bone resorption will reduce the holding strength of pedicle screws. Whether bisphosphonate treatment has the effect of improving bone-screw interface fixation in spine fusion has not been studied. The aim of this study was to evaluate the influence of alendronate treatment on the bone-screw interface fixation of the pedicle screw.
Materials and methods
Twenty-two (11 pairs) female landrace pigs, each three months old and at about 50 kg, were randomly separated into a treatment group and a control group. Posterior lateral fusions with instrument fixation were performed on each pig. The pigs in the treatment group received alendronate (Fosamax Merck Sharp & Dohme B.V., Haarlem, Netherlands) 10 mg/day orally between the two meals, which began on the second postoperative day and lasted for three months.
Surgery was performed at the Institute for Experimental Clinical Research, Aarhus University Hospital. The experiment was approved by the State Inspection Board for Animal Experiments (1998-561-67-CBSC 01101). Autologous bone graft material was harvested from the posterior iliac crest on both sides. Two segmental posterior lateral fusions with the CD Horizon pedicle screw system (Medtronic, Sofamor Danek) were performed at L2/L3 and L5/L6. The type of fusion graft materials used at each level were randomly assigned. At one level, 4 g of autograft was applied on one side and 8 g on the other side. Biphasic calcium phosphate (BCP) was used at the other instrumented level to test the bone growth into the bone graft substitute and is described in another study. The operation was performed in a paired manner between the treatment and control groups in accord with the randomisation. The pigs were kept in individual pens that allowed free walking. All the animals were observed for 12 weeks.
The animals were sacrificed at 12 weeks postoperatively. The spinal segment from L 1 to S 2 was removed en bloc and stripped of soft tissue. The pedicle screws were harvested together with pedicle and half the vertebral body. The bone structures that covered the screw heads were carefully removed without disturbing the biomechanical property of the screws. In order to avoid influence from bone graft material, only the pedicle screws on the 8-g autograft side in each animal were selected and randomised for biomechanical and histological examination. Torsion testing was performed using an MTS mini Bionix 858 testing machine (MTS Corp., Minneapolis, USA). The head of the pedicle screw was attached by specially designed adapters to the upper load cell [2] . Maximum torque (N-mm) and initial angular stiffness (N-mm/°) were calculated.
The samples were dehydrated in graded ethanol (70-99%) and embedded in methylmethacrylate. The screw sample was cut longitudinally. Two 150 μm thick sections around the axis of the screw were selected, ground and polished to a thickness of 50 μm using a micro-grinding system (EXAKT-Micro Grinding System, Norderstedt, Germany). The section surface was counterstained with 4% light green for two minutes. Bone growth on a screw surface was defined as bone in direct contact with the screw surface and expressed as a percentage of the total screw surface inside the area examined. Blinded quantitative evaluation of the area of bone growth on the pedicle screw surface was performed using the linear intercept technique and a software program (CAST-Grid, Olympus Denmark A/S, Glostrup, Denmark). Trabecular bone volume was evaluated in the area between the screw threads. A line was drawn between the peaks of threads. Bone volume was determined using the point counting technique expressed as a percentage of total volume of the structure within the area between the threads and enveloped by the line. The bone volume outside this line but in the area within 2 mm was also evaluated and used as the reference for the bone volume evaluation in the area between the threads (Fig. 1) . Evaluations of both bone volume and bone growth on the screw surface were performed on the body part of the screw, 12 threads per screw. The test systems for the evaluations were calibrated to have more than 200 intercepts or points counted for each parameter per specimen [8] .
Comparison of histological data between treatment and control groups was performed using unpaired Students t-test. The biomechanical test data first underwent log-transformation and was then analysed using an unpaired Students t -test. The results are given as mean ± SD. A 5% two-tailed limit of statistical significance was used for all calculations. Statistical analyses were performed using the SPSS 10.0 software package (SPSS Inc., Chicago, IL, USA).
Results
The mean body weight of the animals was 47±1.4 kg before operation and 61±2.4 kg at the time of sacrifice. There was no statistical difference between treatment and control groups. One animal was excluded from the control group after discovery of a local infection. One animal was excluded from the treatment group owing to failure of sample preparation for histological evaluation. (Fig. 2) .The bone-screw contact surface was 23.3±10% for the treatment group and 9.8±5.9% for the control group (P<0.01).
The mean bone volume between the threads was 52.4± 8.3% for the treatment group and 45.4±6.9% for the control group (P = 0.056) (Fig. 3) . The mean bone volume of the reference area was 34.3±3.2% for the treatment group and 34.7±3.6% for the control group (NS). A significant difference in bone volume was found between the referenced area and the area between the threads (P< 0.001) in both the treatment and control groups.
Discussion
Bone purchase on pedicle screws is believed to be an important parameter for evaluating the holding strength of implants [11, 12, 30, 32] . In order to improve the holding characteristics of pedicle screws, different tactics have been tried, including alteration in thread design and screw shape as well as surface modification of the screws [4, 13] . However, bone-pedicle screw interface fixation is still not optimal.
Bisphosphonate treatment increases bone quality and density, and it has been widely used clinically for treatment of osteoporosis [25] . Bisphosphonates inhibit bone resorption by being incorporated selectively into osteoclasts and interfering with their resorption activity [15, 21] . The local application of bisphosphonates has been reported to prevent bone resorption following surgery [31] . Bisphosphonate treatment can also prevent peri-implant loosening and local bone loss [23, 27, 29] . Treatment with bisphosphonate shows a tendency to enhance screw-type implant fixation in oophorectomised rats [24] . The use of pharmaceuticals, such as alendronate, to inhibit abnormal bone resorption can be an alternate approach for the optimisation of pedicle screw fixation.
This study was conducted to determine the effect of alendronate on bone attachment to the pedicle screw surfaces. A human pedicle screw device was used in a porcine model under a loaded condition in order to simulate the human surgical situation. Alendronate treatment was administered at a dose of 10 mg daily orally, which is the standard dosage for treatment of osteoporosis in humans. The animal chosen for our research is in relative size and body weight comparable to the human.
Alendronate treatment in this study resulted in increased biomechanical anchor strength at the bone and pedicle screw interface with borderline significance. The control group showed a lower maximum torque and lower initial angular stiffness. Based on the results of histological evaluations, the treatment group had a higher percentage of bone growth on the pedicle screw surface. The bone volume within the area between the screw threads was also high in the alendronate-treatment group (borderline significance). Alendronate treatment for three months enhanced the bone-screw interface fixation in this study. Screw insertions alter mechanical load and change the mechanical environment for the bone tissue surrounding the screw, which ultimately leads to changes in bone remodelling. The bone structures in contact with the screw surfaces become compacted by screw insertion with micro-fracture and bleeding. The superficial layer of the bone surrounding the screws becomes more active in bone remodelling owing to mechanical compaction and avascularity. Necrotic bone appears to be removed by resorption during bone remodelling. Normal bone remodelling is bone resorption linked to new bone formation by the so-called coupling phenomenon. The most effective approach to prevent implant loosening would be to have a positive balance between bone formation and resorption in the active boneremodelling time period. Alendronate treatment could protect the bone structure from extra resorption while maintaining the bone volume around the screw surface.
The bone volume in the reference area was not changed by alendronate treatment in this study. The normal trabecular bone remodelling time period is about 150 days in humans. This time period in our porcine model is not known precisely. Alendronate treatment in this study may not be long enough to show treatment effects on normal bone remodelling in the referenced area. The data showed that alendronate had an effect only on the bone structure that was in close contact with a screw. The bone-pedicle screw interface and the area between the screw threads could be the most active bone remodelling area following operation. The higher bone turnover rate might upgrade the alendronate concentration and treatment effects [14] .
Lugero et al. reported that screw-type implants yielded the greatest formation of bone in both control and osteoporotic animals [16] . A study of screws in thoracolumbar human cadaveric vertebrae revealed that tapping a pilot hole significantly reduces the pullout strength of pedicle screws [7] . With a tapped pilot hole, about 27% of the structure may be additionally removed and in turn cause an 8% loss of pullout strength in porous material [1] . An untapped screw was used in our study. Screw insertion without pre-tapping is, in principle, a press-fit implant. Trabecular bone became compacted by screw insertion. In both the treatment and control groups, bone volume was significantly higher in the area between the screw threads compared with the reference area. An untapped pedicle screw insertion can compact the cancellous bone surrounding the screw and thereby increase the cancellous bone volume in the area between screw threads. Alendronate treatment could protect the bone structure from resorption, and therefore more trabecular bone could remain around the screw surface. Bisphosphonate treatment may be more effective when used in conjunction with untapped screws. High bone volume is supposed to give better support for bone-implant fixation The untapped screw used in this study is therefore most clinically relevant. Limitations of this study include biomechanical load transfer being different in the quadruped animal.
The results indicated that alendronate treatment of 10 mg/daily orally increased bone purchase of stainless steel screw surfaces in this study.
